Outbreaks of Aulacorthum solani occurred on soybean in Miyagi and Yamagata Prefectures, northern Honshu, extensively in 2000, and locally in 2003. On the other hand, such an outbreak of A. solani has never been observed in Hokkaido Prefecture. To estimate whether genotypic composition are implicated in the outbreaks on soybean, we examined the esterase patterns detected by electrophoresis of 284 clones collected in these three prefectures and five other prefectures. We also examined the susceptibility to insecticides and life-cycle category of some of them. The esterase phenotypic composition was different between Hokkaido and Miyagi/Yamagata. This was especially so in the phenotypes at the presumed esterase locus 2. In Miyagi and Yamagata the phenotypes with band F and activity (ϩϩ) were frequently found, but the phenotypes with activity (Ϯ) and (Ϫ) were not found. In Hokkaido the phenotypes with activity (Ϯ) and (Ϫ) were frequently found, but the phenotypes with band F and activity (ϩϩ) were not found. Any of the esterase alleles at this locus were not associated with resistance to acephate or fenvalerate. Populations in Hokkaido and northern Honshu were holocyclic and consisted of various esterase forms. These results were discussed in relation to the outbreaks on soybean.
INTRODUCTION
Aulacorthum solani (Kaltenbach), probably of European origin, is one of the most important cosmopolitan pest aphids infesting many agricultural crops (Blackman and Eastop, 2000) . This aphid causes injury either directly by producing well-defined local necroses on the leaf and fruit of its host plants (Miles, 1990) or indirectly by transmitting plant viruses including both persistent and nonpersistent ones (Blackman and Eastop, 2000) . In Japan, this aphid has been known as a vector of virus diseases on potato and soybean (Kazino, 1976) . Recently, injury by feeding has become obvious on soybean in Miyagi Prefecture (Nagano et al., 2001 ) and Yamagata Prefecture (Saito et al., 2001) , both of which are located in the northern part of Honshu (Fig. 1) .
The density of aphids on soybean is usually low, rarely reaching a level of 20 per plant (Kanehira, 1978) , but the mean density rose up to 400 per leaflet in the areas where outbreaks occurred (Saito et al., 2001) . Feeding by a large number of aphids caused defoliation of the soybean plants, and significantly lowered soybean yield and quality (Nagano et al., 2001 ). Defoliation of soybean was caused by outbreaks of A. solani extensively in both prefectures in 2000 and 2001, and also locally in Miyagi in 2004 and in Yamagata in 2003. Although the cause of these outbreaks is not clear, intensive spraying of insecticides in the paddy field next to the soybean field or inappropriate timing of insecticide spraying for soybean pests might kill and remove the principal natural enemies, which consequently triggered the outbreaks (Honda, 2001) . Lower fungus-induced mortality rates due to a light rainfall might be relevant to the outbreaks of A. solani (Okubo, 2001) . Recent surge in soybean growing areas might cause the escape of this aphid from natural enemies (Ono et al., 2004) . On the other hand, such an outbreak of A. solani on soybean has never been observed in Hokkaido Prefecture, which is located north of Honshu (Fig. 1 ). Several environmental factors may be relevant to the northern Honshu-specific outbreaks of A. solani. Another possible factor is genetic differences between northern Honshu and Hokkaido populations of the aphid. In this study we investigated the geographic variation in esterase allozymes of A. solani to examine the latter possibility.
We collected specimens of A. solani not only from Hokkaido, Miyagi and Yamagata, but also from five other prefectures for reference: Aomori, Akita, Kyoto, Kochi and Kagoshima. Aomori and Akita are located between Hokkaido and Miyagi/ Yamagata, and Kyoto, Kochi and Kagoshima in the western part of Japan (Fig. 1) . In these five prefectures, the density of the aphid is generally not so high as to cause defoliation, although the aphid sometimes densely colonizes soybean. We examined the esterase banding patterns detected by polyacrylamide gel electrophoresis of 284 parthenogenetic lineages established, and the lifecycle category and insecticide susceptibility of some of them. From these results we evaluated the genotypic composition of natural populations of the aphid and discussed its implications for outbreaks of A. solani on soybean.
MATERIALS AND METHODS

Samples.
The term 'clone' is used here to refer to the parthenogenetic lineage derived from a single female (Wilson et al., 2003) . A total of 284 clones of A. solani were established. The original aphids were collected from 11 species of host plants at 51 municipalities in eight prefectures in Japan (Table 1) . Aphid samples were usually collected from plants at least 5 m apart from each other, or from plants in different plots. All the clones were established from single wingless parthenogenetic female adults, and were maintained on seedlings of broad bean, Vicia faba var. minor, in culture vials (dia. 20 mm, ht. 150 mm) under a long-day condition (15L : 9D, 20°C).
Collection records of the clones are shown below in detail with municipalities and host plants. Kunneppu, 2002.7 (2S, 5P); Shikaoi, 2002.6, 7 (6S); Memuro, 2002 .7 (1S), 2003 Taiki, 2002.7 (2S); Ono, 2003.5.5 (2RJ*) . Aomori: Tsugaru, 2003.8.1 (4S); Aomori, 2003.7.30 (1S); Kuroishi, 2003.6.26, 7.28, 8.1 (3S); Mutsu, 2003.9.7 (2S); Yokohama, 2003.9.3 (1S); Hiranai, 2003.7.30 (1S); Noheji, 2003.7.30 (1S); Tohoku, 2003.9.3 (1S); Towada, 2003.6.16, 7.28 (4S) ; Rokunohe, 2003.6 .9 (1RJ), 6.10 (1CY, 1RJ), 6.11 (1S), 7.17 (1P); Fukuchi, 2003.7.15, 28 (2S) ; Sannohe, 2003.6.17 (1S) . Akita: Akita, 2003.8.28 (9S) . 596 H. TAKADA et al. Kakuda, 2000 (1S) . Yamagata: Yawata, 2003.8.12 (5S); Sakata, 2002.9.2 (19S, 1MJ); Shonai, 2003.8.12 (3S); Tsuruoka, 2002 .9.2 (7S, 1RJ), 2003 Kahoku, 2002.9.2 (13S) . Kyoto: Ayabe, 2001 .10.18 (1E), 2003 Nantan, 2002 .5.10 (1C), 9.27 (1RJ), 2003 ; Kyoto, 1996 .1.21 (1SA), 2002 .7.8 (2S), 2003 . Kochi: Nankoku, 2001.5 (1PE); Geisei, 2002.5.8 (1PE); Aki, 2002 . 5.24, 12.13 (2E), 2003 .1.21, 2.17 (3E), 2003 . Kagoshima: Hioki, 2003.6.6 (2S, 1T); Ibusuki, 2003.6.7 (9S) .
Electrophoresis. The variability in esterase banding patterns of all the clones established was analyzed by slab polyacrylamide gel electrophoresis. Individual wingless parthenogenetic female adults were homogenized in a 30 ml mixture of four parts of 40% sucrose solution and one part of 0.5% Triton X-100. Five and 15 ml homogenates were syringed into each sample pocket of different polyacrylamide gel (8%). Gels were run in a trisglycine buffer (pH 8.3) at constant amperage (50 mA) for 70 min in a refrigerator at about 4°C. The gels were then stained with fast blue BB-salt for about 1 h at 20°C, using 1-naphthyl acetate as the substrate. The alimentary canal (from mouth to anus) and the other body parts (including body fluid and ovary) of five wingless parthenogenetic female adults belonging to different clones were run separately in a gel and their activities were compared to determine the origin of the esterases detected.
Insecticide application. We examined the susceptibility to acephate (an organophosphorus insecticide) and fenvalerate (a synthetic pyrethroid insecticide) of eight different clones by the topical application method in a long-day condition (15L : 9D, 20°C). About ten wingless parthenogenetic female adults or late instar larvae were transferred to a newly excised broad bean leaflet, which was placed on a moistened filter paper in a small plastic box (10 cmϫ6 cm, ht. 3 cm). Then 0.1 ml of insecticide diluted to an appropriate level with acetone was applied to the dorsum of individual aphids, using a 5-ml syringe. Aphids treated with acetone alone were used as a control. A total of at least about 20 aphids (ϭtwo replicates of about 10 aphids) were used for each dose, and mortalities were assessed 48 h later. Abbott's (1925) formula was used to correct mortality.
Photoperiodic responses. To examine the pho- toperiodic responses for bisexual morph production of 24 different clones, we reared the aphid clones through four successive generations (G 0 -G 3 ). About five wingless parthenogenetic female adults taken from the stock culture were placed together for 24 h on a broad bean seedling in a small glass tube cage (dia. 5 cm, ht. 10 cm) in a long-day condition (15L : 9D, 20°C), and then discarded. Their progeny (G 0 ) were reared in this condition to the fourth larval instar (possibly the stage at which the first ovulation takes place in the oldest embryos of G 1 ) and then transferred to a short-day condition (10L : 14D, 18°C). G 0 wingless females were allowed to mature and deposit larvae for 24 h, then discarded. Three G 1 wingless larvae were separated into individual cages. After the onset of larviposition, the parent aphids were transferred to fresh cages and the number of their progeny (G 2 ) was recorded every seven days throughout the reproductive period. The morphs of G 2 aphids were determined later. G 2 (winged or wingless) parthenogenetic females were further reared and the morphs of G 3 aphids were determined.
From the response to short-day conditions, the clones examined were classified into four life-cycle categories as Blackman (1971) described for Myzus persicae (Sulzer): holocyclic, intermediate, androcyclic and anholocyclic. In some clones of A. solani wingless parthenogenetic females produce oviparous females (Ishitani et al., 1997) . In such clones, oviparous females occurred in G 2 , not in G 3 as in M. persicae.
RESULTS
Variation in activity and origin of esterases detected by gel electrophoresis
Four groups (I-IV) of the esterase banding patterns were identified (Figs. 2 and 3) . Groups III and IV were difficult to detect, because of their faint staining properties (Fig. 2) . Groups II and III consisted of doublets and triplets, respectively (Fig. 3) . Groups I and II were detected both in the alimentary canal and the other body parts, but Group I was deeper in the former than in the latter whereas Group II was inversely fainter in the former than in the latter. Groups III and IV were detected only in the body parts other than the alimentary canal. Polymorphism in banding pattern and/or band intensity was found in all four groups of bands (Table 2) : Group I. Eleven phenotypes were detected: no band (Ϫ); one-band vs, s, fϮ, f, fϩ, vf; two-bands ms/f, s/f, s/vf, f/vf (Table 2 ). Band f is the same in shade as the other bands, fϮ is very faint and fϩ is much darker than f (Fig. 2) .
Group II. Ten phenotypes were detected: no band (Ϫ); one-band SϮ, S, Sϩ, Sϩϩ, F, Fϩ, Fϩϩ; two-bands S/Fϩ, S/Fϩϩ (Table 2) . Bands S and F are almost the same in shade as band f of Group I, but (Ϯ) is very faint, (ϩ) is much darker and (ϩϩ) is very much darker than S or F (Fig. 2) .
Group III. Ten phenotypes were detected: no band (Ϫ); one-band 1, 2, 3, 4, 5; two-bands 2/3, 2/4, 3/4, 4/5 (Table 2) .
Group IV. Three phenotypes were detected: oneband n, w; two-bands n/w (Table 2) . Here, pheno-598 H. TAKADA et al. Table 1 ). RAE: resistance-associated esterase.
types w and n/w were classified into w for it is difficult to distinguish them precisely in some cases.
Geographic distribution of phenotypes in four esterase band groups
Group I. Phenotypes (Ϫ) and fϮ were found only in Aomori, Akita, Miyagi and Yamagata, whereas fϩ was frequently found in Hokkaido (10/ 50) ( Table 2) .
Group II. Phenotypes Sϩϩ, S/Fϩϩ, Fϩϩ and S/Fϩ were found in Miyagi and Yamagata, and phenotype Fϩ was found in Miyagi (Table 2) . S/Fϩϩ and F, and Sϩϩ were also found in Aomori and Akita, respectively (Table 2) . These phenotypes were not found in Hokkaido, Kyoto, Kochi and Kagoshima (Table 2) . Phenotypes with very dark band (ϩϩ) were less frequent in Aomori (2/26) than in Akita (9/9), Miyagi (88/111) or Yamagata (54/57). SϮ was found in Hokkaido (15/50) and Aomori (7/26), but was not found in Akita, Miyagi (except for two clones collected in 2000) and Yamagata ( Table 2 ). The phenotype without any band (Ϫ) was found only in Hokkaido (15/50), Aomori (1/26), Kyoto (2/10) and Kochi (1/9) ( Table 2) .
Group III. Phenotypes 3, 3/4 and 4 occurred at a high frequency in most prefectures ( Table 2 ). The clones with one of the three phenotypes accounted for 91% of all clones. Phenotypes 1, 2, 2/3, 2/4, 4/5 and 5 are rare and (Ϫ) was found only in Aomori (4/26), Kyoto (4/10) and Kochi (1/9) ( Table 2) .
Group IV. Phenotype n was found in all the prefectures, but n/w and w were found only in Hokkaido (14/50) ( Table 2 ). In Hokkaido, Miyagi and Yamagata the clones collected in 2002 were similar to those collected in 2003 in the phenotypic compositions (data not shown). There was not much difference between the clones from soybean and other host plants in the phenotypic composition (Table 2) although the clones from soybean were too frequent to compare properly difference among host plants (Table 1) .
Esterase forms
A total of 102 esterase forms (combinations of phenotype in the four polymorphic band groups) were found among 277 clones (electromorphs at the group III could not be identified in seven of the 284 clones examined). The number of clones per esterase form was 1-5 in 89 forms, 6-9 in 10 forms, and 12, 16 and 20 in each form (Table 3) . The esterase form composition was heterogeneous in seven prefectures other than Kagoshima where only one esterase form was found (Table 2 ).
Susceptibility to acephate and fenvalerate
When applied with acephate at a dose of 100 ng/aphid, the mortality was 95-100% in seven of the eight clones examined, but a clone (KRY-1) exhibited only 48% of mortality at this dose (Table  4 ). When applied with fenvalerate at a dose of 1 ng/aphid the mortality reached 88-100% in all eight clones (Table 4) . 
Life-cycle category
The clones from Hokkaido, Aomori, Miyagi and Yamagata were all holocyclic and those from Kochi and Kagoshima were intermediate or anholocyclic (Table 5 ). In the clones from Kyoto holocyclic, intermediate and androcyclic forms were present (Table 5) . 
DISCUSSION
From the banding patterns of A. solani detected by electrophoresis we infer that the esterase phenotypes are encoded by a total of 17 alleles at four polymorphic esterase loci, Est-1-4 (six alleles at Est-1, three alleles at Est-2, six alleles at Est-3 and two alleles at Est-4) that are responsible for Groups I, II, III and IV, respectively ( Table 2 ), and that all the presumed esterase loci behave as monomers.
However, an accurate genetic analysis by crossing individuals of clones with different esterase phenotypes has not been carried out. Furthermore, we could not account for the mode of inheritance in the activity level of esterases at the presumed Est-1 and -2, so we will discuss the geographic variation in esterases by phenotype, not by genotype, in this section. Pozarowska (1987) reported an esterase electrophoretogram of eight clones of A. solani from Scotland, UK, whose slower band groups could be equivalent to Group I (and II) and the faster ones to Group III in the present study, although an accurate comparison is impossible from only this photograph.
The susceptibility to acephate and fenvalerate of the eight clones examined of A. solani (Table 4) were evaluated from LD 50 values for M. persicae and Aphis gossypii Glover, respectively. LD 50 values to acephate for M. persicae are 9.93 ng/aphid in a susceptible clone and Ͼ1,000 ng in a highly resistant clone, and LD 50 values to fenvalerate for A. gossypii are 0.26 ng/aphid in a susceptible clone and Ͼ1,000 ng in a highly resistant clone (both T. Enokiya, unpublished data). Thus it is likely that seven of the eight clones are susceptible and one clone (KRY-1) is weakly resistant to acephate and that all the eight clones are susceptible to fenvalerate (Table 4) . Ueno et al. (2002) showed that a Yamagata population of A. solani was highly suscepGeographic Variation of Aulacorthum solani 601 (20) 85 ( Table 1 ). b Total number of aphids examined in parentheses. tible to five organophosphorus and three synthetic pyrethroid insecticides.
Resistance to organophosphates is associated with elevated esterase activity in M. persicae (Needham and Sawicki, 1971; Devonshire et al., 1998) , Phorodon humuli (Schrank) (Lewis and Madge, 1984) and A. gossypii (Hama and Hosoda, 1988; Takada and Murakami, 1988) . A peculiar esterase (E4) both degrades and sequesters insecticidal esters in M. persicae (Devonshire and Moores, 1982) , but the esterase of A. gossypii is responsible for resistance only as a sequestering protein (Suzuki et al., 1993) . The esterases at the presumed Est-1 and -2 of A. solani vary in the activity level. Esterase f at the Est-1 may be associated with low level of resistance to acephate since the clone (KRY-1) has higher activity than the other seven clones (Table 4) . However, it is apparent that no esterase at the Est-2 is associated with resistance to acephate or fenvalerate (Table 4) .
Life-cycle variation, involving alternative methods of overwintering (as diapause eggs in the holocycle, cyclical parthenogenesis with an annual sexual generation, and as active larvae or adults in the anholocycle, continuous parthenogenesis), is found in many aphid species (Blackman and Eastop, 2000) . The present results (Table 5) suggest that A. solani passes through holocycle in Hokkaido and the northern part of Honshu, anholocycle in Kochi and Kagoshima, and both cycles in Kyoto. There is a possibility of holocycle in part of Kochi, where the intermediate life-cycle form was found (Table   5 ). Aulacorthum solani has been confirmed to pass through the holocycle in Hokkaido and the northern part of Honshu (Ishitani et al., 1996) . However, the holocycle could not be confirmed in the Kanto Region (the central part of Honshu), although sexual morphs were often observed (Tanaka, 1975) . This aphid passes through the anholocycle at Himeji (the western part of Honshu) (Akino and Sasaki, 1957) . The life-cycle in the field in Kyoto and Kochi should be clarified in a future study.
Populations of A. solani in Hokkaido and the northern part of Honshu were holocyclic (Table 5) and consisted of a variety of esterase forms (Table  2) . Summer populations of M. persicae and A. gossypii in Hokkaido, where they cannot overwinter as larvae or adults, consisted of a few dominant and many rare esterase forms as in the western part of Japan (Takada, 1986 (Takada, , 1988 . The genetic structure of M. persicae in Scotland were examined using an rDNA fingerprinting technique and eighty patterns (genotypes) were found amongst the 276 clones, of which 30% exhibited the same simple pattern and remaining clones exhibited diverse patterns (Fenton et al., 1998) . Dominant clones were usually intermediate, androcyclic or anholocyclic (Takada, 1986; Fenton et al., 1998 (Blackman and Eastop, 2000) . Wave et al. (1965) stated that A. solani is not a true migratory species from the observations in the northeastern U.S.A., since the aphid can live and reproduce on the primary host throughout its annual cycle, the males are wingless, and this species apparently lacks fall migrants. Mizukoshi (2002) believed that A. solani is not a true migratory species by the same token although the males are winged in Japan. Oviparous female-producing females (gynoparae) are wingless in some clones of A. solani in Japan (Ishitani et al., 1997) . These properties might have lowered in migratory ability.
The esterase phenotypic composition of A. solani was different between Hokkaido and Miyagi/Yamagata. This was especially so in the phenotypes at the presumed Est-2. In Miyagi and Yamagata, the phenotypes with band F and activity (ϩϩ) were frequently found, but the phenotypes with activity (Ϯ) and (Ϫ) were not found during 2002 and 2003 (Table 2) . On the other hand, in Hokkaido the phenotypes with activity (Ϯ) and (Ϫ) occurred frequently, but the phenotypes with band F and activity (ϩϩ) were not found (Table 2) . Aomori was common to Miyagi and Yamagata in having the phenotypes with band F and activity (ϩϩ), although their appearance rates were very low (Table 2) . Aomori was also common to Hokkaido in having the phenotypes with activity (Ϯ) and (Ϫ) ( Table 2 ). The same is true in the phenotypes at the presumed Est-1. Aomori was common to Miyagi and Yamagata in having the phenotypes with faint band fϮ and without any band (Ϫ), and to Hokkaido in lacking the phenotypes with band(s) s, s/f and s/vf (Table 2 ). In Kyoto, Kochi and Kagoshima, neither the phenotypes with band F and activity (ϩϩ) at the Est-2 nor the phenotypes with faint band fϮ and without any band (Ϫ) at the Est-1 were found (Table 2) . In a word, the esterase phenotypic composition peculiar to Miyagi and Yamagata is diluted in Aomori northward. Its southern extent is unknown, but it does not come down to Kyoto.
It is thus clear that Miyagi and Yamagata populations of A. solani differ from the Hokkaido population in esterase allozyme composition. Is this difference associated with the potential ability causing the outbreak on soybean? Two interpretations are possible about the observed differences. One is that the esterase composition peculiar to each region was built up by site-related selection or fitness differences. It has been shown that the esterase variation corresponds with resistance to organophosphorus insecticides in certain aphid species as mentioned above. The effort to control the aphids led to increased insecticide usage and, consequently, higher esterase variants had been selected Loxdale et al., 1998; Guillemaud et al., 2003) . In England, the progressive decline in levels of esterase resistance in M. persicae collected between 1996 and 2000 was most probably driven by fitness costs coupled with generally reduced insecticide selection pressure from 1997 onwards (Foster et al., 2002) . In A. solani, however, correspondence between the susceptibility to two insecticides and esterase activity level at the presumed Est-2 was not confirmed (Table 4 ). This suggests that the outbreaks could not be attributed to development of insecticide resistance due to elevated esterase activity. So the esterase compositions peculiar to each region would not suppose to have been built up by different insecticidal selection. Associated other organisms including host plants (for example, resistant variety), natural enemies and plant viruses that the aphid transmits may be thought of as other candidates of the factors responsible for the selection. As the circumstances change, the esterase composition of the aphid drastically changes with them on a short timescale (Foster et al., , 2002 Shigehara and Takada, 2003) . The other interpretation is that such differences resulted from a founder effect (Fuentes-Contreras et al., 2004) or restriction of gene flow (Loxdale et al., 1998) . The low migratory ability of A. solani would contribute to build-up of peculiar esterase compositions due to differentiating forces other than selection. The esterases peculiar to Miyagi and Yamagata might correspond directly or indirectly with characters responsible for outbreak, such as density reaction, or might have no bearing on outbreak. Clarification of the function of esterases, especially at the Est-2, will be helpful to test these possibilities.
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